A procedure for sound filed simulation, sound quality (SQ) evaluation, and optimization of interior noise of a rail vehicle is investigated in this paper. Firstly, some interior noises are measured on site when the subway is running in tunnel at a speed of 60 km/h. The sound pressure levels (SPLs), loudness, sharpness, and roughness of the measured noise are analyzed. A finite element model for acoustical simulation of the carriage is established by using the Actran software. The accuracy and feasibility of the finite model are verified by comparing the psychoacoustical parameters from the simulations and measurements. By using orthogonal experimental design, finally, the best optimization scheme is put forward, which obtained a sound quality improvement with a 4.81 dB decrease in SPL and a 1.07 sone reduction in loudness. The proposed optimization scheme may be extended to other vehicles for improving interior acoustic environment.
Introduction
Nowadays, rail vehicle has become the preferred way to solve urban transportation problems, due to its advantages of high speed, large carrying capacity, efficiency, low energy consumption, and less pollution [1] . The total rail length in Shanghai is 570 kilometers and the average daily passenger capacity reaches up to 700 million persons. However, it has been found that the interior noises from the subways seriously effect on both the ride comfort of the subways and the mental and physical health of passengers [2] . Thus, how to control the interior noise of the carriage has become a common concern of scholars.
In the previous studies, the objective evaluations of rail-vehicle interior noise usually focused on the physical characteristics of a sound, such as sound pressure levels (SPLs), and intensity and power [3] . The vehicle industry has succeeded in controlling the A-weighted SPL of interior noise at 70 dB below. However, the SPL of interior noise still does not meet the requirements of ride comfort. Even when the A-weighted SPL is only about 40 dB, people may feel annoyed. This is mainly due to that people's subjective feeling of the noise is less considered [4] . Therefore, sound quality evaluation (SQE), which considered the subjective feeling, is more reasonable. The concept of sound quality is first put forward by Bodden et al. [5] . Nowadays, new noise control conception is put forward that noise control should be not only to reduce acoustic physical parameters, but also to improve the sound quality. In the interior sound optimization field, two kinds of methods are adopted. One is active noise control, and the other one is passive noise control [6] . Austria AVL LIST Company proposed 48 physical parameters for describing acoustic properties. The objective evaluation of interior noise is investigated based on loudness and smoothness in Honda Company [7, 8] . Some scholars proposed several SQ parameters, such as the A-weighted SPLs, loudness, sharpness, roughness, and fluctuation strength [9] . Recently, the finite element method (FEM), infinite element method, and statistical energy analysis (SEA) methods were introduced and widely used in acoustic simulation industries [10] .
In this paper, the Shanghai subway Line 9 is taken as an example. To conduct the objective evaluation of SQ, the interior noises of the carriage are measured on site by using the Bruel & Kjaer acoustical measurement system. Objective evaluations of the measured interior noises were 2 Advances in Mechanical Engineering performed by using the parameters of A-weighted SPL, loudness, sharpness, and roughness, respectively. Based on the three-dimensional geometric parameters of the carriage, a finite element model is established for interior sound field simulation by using the Actran software and the simulated results are verified by experiments. Finally, an optimization scheme for interior noise reduction is put forward by the orthogonal experimental design. The noise reduction results suggest that the proposed optimization scheme is effective and feasible for SQ improvement of subway interior noise.
Main SQ Evaluation Parameters
2.1. Loudness. Loudness (in phon) is one of main psychoacoustic parameters, which reflects the sound intensity degree of ear feeling [11] . Considering the frequency masking effect, selective characters of the human auditory system are described by critical band and critical band rate in loudness model. The relation between critical band rate and center frequency can be expressed as = 13 arctan ( 0.76 1000 ) + 3.5 arctan ( 7500 )
where denotes critical band rate and denotes frequency. The critical band rate (1-24 bark) is corresponding to the frequency range Hz) in human auditory system. The loudness calculation method of Zwicker is used in this paper, which has been applied in the ISO532standard. The calculation formula can be expressed as follows:
where is total loudness, ( ) denotes specific loudness of critical band, and denotes critical band rate.
Sharpness. Sharpness (in acum)
is used for describing the high frequency component proportion of sound spectrum, which reflects harsh degree of sound signals [12] . The sharpness can be calculated by Zwicker method. The calculation formula can be expressed as follows: where is sharpness, ( ) denotes weighting coefficients in different critical bands, and = 0.11. The calculation flow of sharpness is shown in Figure 1 .
Roughness.
Roughness (in asper) describes the fluctuation of modulated sound loudness when the modulated frequency is at 15-300 Hz [13] . The roughness can be calculated by
where is roughness, mod denotes modulated frequency, and Δ ( ) denotes masking depth.
Noise Acquisition and Sound Quality Analysis
3.1. Noise Data Collection. In this paper, the AC06 type carriage of Shanghai Metro Line 9 is considered, whose design speed is 80 km/h. According to the standardGBT3449 called "measurement of noise inside rail bound vehicles" [14] , the measurement procedures are conducted under the conditions of the subway operating at straight road and the background noises are 10 dB lower than the interior noises. The Pulse multichannel test system is adopted, together with some data acquisition equipment, such as a laptop, and a NA-28 Sound Pressure Meter. Then the collected noise signals are first filtered, and thus a database of interior noise is established. The layout of the selected measuring points is shown in Figure 2 , in which the carriage joint, door, and seat are defined as 1, 2, and 3. In each measurement, the noise signals with length of 10 s are measured 5 times. The height of the binaural microphone is set to 1.1 m, approximately corresponding to ears position of a sitting Chinese people.
The measured subway is assumed operating in tunnel at a speed of 60 km/h.
The Objective Evaluation of Sound Quality.
The selected test data are imported into the Pulse Labshop software to obtain the objective parameters of SQE. The results are listed in Table 1 .
Advances in Mechanical Engineering 3 It can be seen from Table 1 that the total SPLs at measuring points 1 and 2 are 76.13 dB and 76.47 dB, respectively; the difference is 0.34 dB. The difference can be attributed to different background noises and random errors. The maximum allowable limits of the equivalent SPLs in subway and light rail vehicle are shown in Table 2 [15]. It can be seen that the maximum allowable SPL is 83 dB when the subway is running in tunnel. Although the result does not exceed the limit, it also affects the ride comfort of the subway seriously. The loudness at measuring points 1 and 2 is 42.19 sone and 42.37 sone, respectively, and the difference is 0.18 sone. It can be known from auditory characteristics of the human ear that when the total loudness is below 25 sone, people's subjective feeling is moderate. When the total loudness reaches 32 sone, people's subjective feeling is less comfortable. When the total loudness reached 50 sone, people's subjective feeling is very bad. When the total loudness is above 50 sone, the noise may damage the auditory system if people stay for a long time in this environment [16] . It can be seen from the measurement results that the total loudness of interior noise reaches up to 42 sone, which damages mental and physical health of passengers. The passengers who stayed in this excessive noise environment for a long time may feel nausea, dizziness, and malaise. To further determine the spectrum characteristics of interior noise, the collected data are imported into Pulse Sound Quality for analyzing one-third-octave A-weighted SPL and specific loudness. The results are shown in It can be seen from Figure 3 that A-weighted SPLs of two measuring points reach maximum value at 500 Hz. The energy of interior noise is concentrated in low and middle frequency range of 20-1000 Hz. Figure 4 shows that specific loudness value is big in the range of 1-5 bark. The maximum values of the two measuring points appear at 1 bark. Therefore, how to reduce the low-frequency noise below 1000 Hz has become the key point to improving the SQ of interior noise.
Model Establishment and
Simulation Analysis 4.1. Model Establishment. Firstly, the three-dimensional geometric parameters of the carriage are measured by laser range finder, tape, and vernier caliper. Based on these geometric parameters of the carriage body and its internal components, a CAD model is established in UG software which is shown in Figure 5 . After simplifying some unnecessary components, the HyperMesh software is used for meshing according to acoustic simulation requirements [17, 18] . The size of these elements is defined as 70 mm. Finally, the finite element model includes 469391 structural meshes, 2095690 cavity meshes, and 480332 nodes, as shown in Figure 6 .
Finite Element Method in Acoustics.
In the vehicle engineering, the finite element method is mainly used for analyzing the interior noise generated from structural vibration. This method assumes that the sound propagation space is dispersed by using a lot of finite elements, and acoustic characteristics can be solved in spatial propagation process. Acoustic-structure coupling system is usually considered in this process [19, 20] . Under certain conditions, the aerodynamic equation and air continuous equation can be changed into acoustic wave equation. In acoustics, based on the The direct frequency response analysis method is used in the process. The analysis range is 20-500 Hz and the step length is 1 Hz. To obtain the simulated data, two points corresponding to the measuring points are defined in the Actran. It has been known from previous research that the main noise source is the wheel-rail noise when the vehicle is operating at the speed of 100 km/h or less [21] . The maximum speed of Shanghai Metro Line 9 is 80 km/h. Therefore, the wheel-rail noise is taken as the main noise source in the Actran. In the simulation process, the location, amplitude, and direction of wheel-rail noise and electrical equipment noise are defined as two main sources. The body, seats, windows, and so forth, are defined by different materials. The properties of these materials are listed in Table 3 . A comparison of the simulated and tested data of measuring point 1 is listed in Table 4 . It can be seen that the simulation results are consistent with experimental data in overall. The relative error of SPLs, loudness, and sharpness is less than five percent. However, the relative error of roughness is almost eight percent. There exist small differences between the simulated and tested results. This is mainly due to the fact that only electrical equipment noise and the wheel-rail noise are considered in the simulation, but the generation mechanism of the interior noise is complicated. The comparisons of SPLs and specific loudness between simulation and experiment are shown in Figures 7 and 8 . It can be seen from Figures 7 and 8 that the variation tendency and total value of SPLs and specific loudness are similar. Therefore, it can prove that the finite element model and the simulation results are basically correct.
Orthogonal Experiment for Quality Optimization

Analysis of Carriage Sound Pressure Map.
In the simulation process, the interior sound field should be calculated for targeted noise reduction. Part of the SPL distribution maps is shown in Figure 9 100 Hz, 150 Hz, and 250 Hz, respectively. It can be seen from Figure 9 that the SPLs at the both ends and the middle of the carriage are higher at 20 Hz, 100 Hz, and 150 Hz. At 250 Hz, the internal SPL distribution of carriage is complicated, but both ends are higher than other positions. 
Measurement of Interior Sound Pressure Level.
In order to verify the SPL distribution maps of the carriage, furthermore, a measurement experiment is conducted. In the measurement, the NA-28 type Sound Pressure Level Meter produced by Rion Company is used to measure SPLs of interior noise. The carriage is evenly divided into nine parts and each part includes three positions: the left, right surfaces and the top, as is shown in Figure 10 . The noise of each position is measured 5 times and then the five data are averaged. The measurement is conducted under the same conditions as those in the previous noise data collection. The measured total SPL of each position of the carriage is listed in Table 5 . It can be seen from Table 5 that the total SPLs of position 1, 5, and 9 are higher at left and top surface, and the total SPLs of position 1, 4, and 9 are higher at right surface. For the same surface, the SPLs of the middle part of the carriage are 0.5 ∼ 1 dB higher than those at both ends and the SPLs of both ends and middle position are 1 ∼ 3 dB higher than those at any other positions. The accuracy of the carriage SPL maps is verified by comparing the experimental data in Table 5 and the simulated SPL distribution maps. The highest SPL positions of the interior sound field are confirmed. Therefore, some effective measures should be taken for noise reduction.
Orthogonal Experiment Design.
According to the simulated SPL distribution maps and the measured data, some sound absorbing materials should be pasted on the middle and both ends of the carriage in the simulation process. However, sound absorbing material is expensive. If the material is used in all high SPL positions, the optimized scheme has no practical significance in engineering. In order to solve the above problems, a scheme of orthogonal experiment including three factors and three levels is designed for searching a good noise reduction scheme. Orthogonal experiment which is an efficient and economical testing method can greatly reduce the number of tests and the test results can provide effective information. In the orthogonal experiment, factors 1, 2, and 3 are defined as the carriage's front end, middle portion, and back end. The left, right, and top sides corresponding to three factors are defined as the three levels, respectively. An orthogonal experiment table is designed, as presented in Table 6 . It can be known from previous studies that the sharpness and roughness only have small effects on SQ [22] . Thus, only SPLs and loudness are taken as optimized index in the orthogonal experiment. The calculated results of each index are listed in Table 7 . In the multiobjective orthogonal experiment, the surfaces are defined as the extra-fine glass wool, a kind of porous sound absorbing material, as is shown in Figure 11 . The material has many advantages such as light mass, noncombustible, and antiaging [23, 24] . Thus, it is suitable for sound absorption in the carriage. It has been known from the sound absorption properties of porous materials that, as the thickness is increasing, acoustical absorption coefficients will significantly increase in low and medium frequencies and keep a large value in high frequency. If the density of sound-absorbing material is increasing and the thickness remains unchanged, the absorption coefficient can be improved slightly in low frequency [25] . The interior noise energy in subway concentrates in the low frequency below 500 Hz. In order to obtain a better sound absorption effect, the absorption material with porosity 0.95 and thickness 6 cm is selected and applied in the Actran. The corresponding absorption coefficients in each band are shown in Table 8 . It can be seen from Table 6 that the forth experiment works best which obtains a SPL reduction with 4.35 dB and a loudness reduction with 1.03 sone. Table 7 shows that, in terms of the SPLs, the range of the three factors from low to high is the front, rear ends, and the middle part of the carriage. The middle part is the main factor. In terms of the loudness, the range of the three factors from low to high is the middle part, the front, and rear ends of the carriage. The rear end of the carriage is the main factor. According to orthogonal test results, the tendency chart of index and factor of SPL and loudness are shown in Figures  12 and 13 , respectively. It can be seen that the scheme of noise reduction achieves the best results when the top of the three positions is pasted by sound-absorption material. To verify the optimized effects, the best scheme is simulated in the Actran. The comparisons between before and after acoustic treatment are shown in Figure 14 , in which (a), (b), and (c) represent the SPLs, A-weighted 1/3-octave SPLs, and specific loudness, respectively. It can be seen that the SPL of interior noise is reduced. The noise reduction effect is obvious, especially in the range above 300 Hz. This result corresponds to the sound absorption property of the material. Figure 14 (c) shows that the specific loudness is reduced below 10 Bark and has little change at high critical bands. After treatments, the sound absorption scheme achieves a good effect on SQ improvement with a 4.81 dB decrease in SPL and a 1.07 sone reduction in loudness. The results show that the optimization scheme improved both the interior noise and the ride comfort of the sample subway. In order to present the just noticeable level difference, the SPLs comparison below 250 Hz is shown in Figure 15 . 
Conclusions
In this paper, objective evaluation of interior noise is carried out in respect of the SQ of A-weighted sound pressure level, loudness, sharpness, and roughness. Based on the psychoacoustical parameters, an optimized scheme for interior noise reduction of rail vehicle is performed by using sound field simulation. The Shanghai Metro Line 9 is chosen as an example. The interior noise of the carriage is measured on site and a finite element model is established in the Actran. The accuracy of the simulated results is verified by experiment, in which the highest SPL positions in the sound field are confirmed by the SPL distributions. The optimization is investigated by the orthogonal experiment design which obtained a SQ improvement in both the SPL and loudness. The results indicated that the optimization scheme proposed in this paper is effective for SQ improvement of the sample vehicle and may be extended to other types of subway vehicle and thus it is beneficial for vehicle acoustical design in engineering.
